The concept of responding to the risk of water pipelines failure has been undergoing through a great change from being active to being proactive to failure events by planning for rehabilitation plans that maintain the water main in good working conditions. This paper designs a framework to evaluate the risk of water main failure using hierarchal fuzzy expert system. There are sixteen risk-of-failure factors that represent both the probability of failure and the negative consequences of failure event and are categorized into four main risk-of-failure factors. A risk of failure model is built that evaluates the risk of pipelines failure using Fuzzy Expert System technique that accounts for the uncertainty usually encountered when evaluating the risk of failure. Some of the findings are that the pipe age gives a strong indication of the condition of the water mains, then, the pipe material and breakage rate come into play, and that the damage to surroundings/business disruption has the most negative impact of a failure event.
INTRODUCTION
In a recent survey conducted by the United States Environmental Protection Agency, it is estimated that $77 billion will be needed to repair and rehabilitate the water main over the next 20 years (Selvakumar et al. 2002) . In Canada and the United States, on average, there are more than 700 water main breaks every day (Infrastructure Report, 2007) . Providing communities with reliable and safe water has become more and more a topic of concern. The breakage rate and the high associated costs of failure have reached a level that now draws the attention of both the public and the decision makers.
A new model to evaluate the risk of water main failure is proposed here. Deterioration factors that lead to the failure event and the consequence factors that result from the failure event (failure impact) are considered in this research. In order to guide the water main management team to the best management plan, a risk scale of failure is proposed that highlights a water main at various risk stages.
The objectives of the current research can be summarized as follows:
• Design a risk model of water main failure to evaluate the risk associated with each pipeline in the network.
• Propose a risk scale of failure that provides guidance to decision makers.
LITERATURE REVIEW
Risk is defined by InfraGuide (2006) as the combination of the probability and impact severity of a particular circumstance that negatively impacts the ability of infrastructure assets to meet the objectives of the municipality. Moreover, the probability is defined as the likelihood of an event occurring. Pipeline failure is defined as the inability to satisfy basic requirements from the distribution system, failure to satisfy customer demand or failure to maintain pressures within specific limits. The types of water distribution failure can be categorized into: 1) performance failure and 2) mechanical failure (Ozger, 2003) . In this paper, only the risk of water main mechanical failure is considered. The mechanical failure factors are either static (material, diameter, wall thickness, soil, installation), dynamic (age, temperature, soil moisture and electrical characteristics, resistivity, and loading), or operational (replacement rates, cathodic protection, water pressure) (Kleiner and Rajani, 2000; Kleiner and Rajani, 2002; Kleiner et al. 2006; Pelletier et al. 2003) .
A judgment of the potential consequences is inherent in any risk evaluation. Consequence implies a loss of some kind. Losses can be quantified into direct costs and indirect costs. Example of the direct costs are property damage, damages to human health, environmental damage, loss of production, repairs costs, cleanup and remediation costs, and so on. Some of the indirect costs are litigation and contract violations, customer dissatisfaction, political reactions, loss of market share, and government fines and penalties (Muhlbauer, 2004; Bhave, 2003) . Some of these consequences are monetized in a straight forward process. However, for indirect consequences, it is more difficult to quantify the consequences in a monetary value (Muhlbauer, 2004) . Consequence of failure is different among pipelines and varies with time relative to a business cycle. It is also affected by pipeline flow load and by the generated revenue from that pipeline (Nikolaidis et al. 2005) .
The review of work of other researches and various efforts related to water main failure risk helps insight the research and problem solving process. In this context, some other works are reviewed as follows. Christodoulou et al. (2003) used Artificial Neural Networks (ANN) to analyze the preliminary water main failure risk in an urban area with historical breakage data spanning two decades. Yan and Vairavamoorthy (2003) proposed a methodology to assess pipeline condition using Multi-Criteria Decision Making (MCDM) techniques which combine the available pipe condition indicators into one single indicator. Kleiner et al. (2004) used a fuzzy rule-based, non-homogeneous Markov process to model the deterioration process of buried pipes. Sadiq et al. (2004) developed a methodology for evaluating the timedependent reliability of underground grey cast iron water mains, and for identifying the major factors that contribute to water main failures. Kleiner et al. (2006) developed a methodology to evaluate pipeline failure risk using the fuzzy logic technique. Rajani et al. (2006) used a fuzzy synthetic evaluation technique to translate observations from visual inspection and non-destructive tests into water main condition ratings. Al- Barqawi (2006) designed two condition rating models for water mains using artificial neural networks (ANN) and the analytical hierarchy process (AHP). Rogers (2006) developed a model to assess water main failure risk using the Power Law form of a Non-Homogeneous Poisson Process (NHPP) and Multi-Criteria Decision Analysis (MCDA) based on the Weighted Average Method. From the literature review, it is obvious that the works that have addressed the problem of water main failure risk have certain limitations, and therefore a research that addresses the problem with a broad, concrete, and robust approach is still needed. Certain researchers have approached the problem in too shallow fashion, considering very few risk factors which sometimes were limited to only the deterioration factors. Moreover, some of these researches were so complicated in their derivation and usage that different municipalities and authorities management teams are reluctant to use and depend on them. Other efforts were too specific to certain network characteristics (such as pipe material, diameter, function, etc…) and thus are not applicable to different water distribution networks. The most relevant and solid research was done by Rogers (2006) ; however, there are some limitations inherent to his research such as: the model uses the weighted average method which does not address the uncertainty and the model is too sensitive to the weights of the factors. Moreover, Rogers' failure consequence model is not well-established and depends solely on the input of the model user. In addition, some of the risk factors are derived from a specific data set and seem to be more reflective of that data set instead of reflecting the state of the art. Based on this exhaustive literature review, it is clear that there is a need to address the problem of water main failure risk using a technique such as fuzzy logic that can be used as a tool to deal with imprecision and the qualitative aspects that are associated with problem solving and in the development of expert systems. Fuzzy expert systems use the knowledge of humans, which is qualitative and inexact. In many cases, decisions are to be taken even if the experts may be only partially knowledgeable about the problem domain, or data may not be fully available.
RESEARCH METHODOLOGY
The research methodology consists of many stages. It starts with a full literature review of the risk of water main failure followed by data collection (to build the model). A hierarchical fuzzy expert system (HFES) is developed using model information data. The next part of the research methodology is to develop a risk scale of failure which will guide the network operators to best manage their networks.
DATA COLLECTION
The information needed to develop the model consists of two parts: factors' weights and factors' performance impact. The majority of information is gathered from the literature. The information that can not be collected from the literature is collected via a questionnaire.
HIERARCHAL FUZZY EXPERT SYSTEM FOR WATER MAIN RISK OF FAILURE

Risk Factors Incorporated in the Model
In this step, the failure risk factors are identified and selected. Sixteen factors are incorporated in this model, which represents the deterioration and post-failure factors.
The deterioration factors chosen to be incorporated in this model are selected based on the ease of gaining the required attributes of the water main by the facility managers. These attributes can be gathered from different types of documents such as: design information, visual inspection reports, maintenance reports, etc. The cost of failure and consequence factors are difficult to quantify and thus a qualitative approach will be followed. The factors selected to be incorporated in the pipeline failure risk model are shown in Figure 1 .
Hierarchical Fuzzy Model
The hierarchical fuzzy model structure consists of four branches (models) which correspond to the four main factors and another model that combines the results of the four branches of the hierarchy to produce risk of failure. The fuzzy structure of each of the five models is identical and only the membership functions of each factor in each model and the knowledge base rules of each model are different. The full view of the hierarchical fuzzy model is shown in Figure 2 which shows the processing of the observations characteristics of the water main network.
Fuzzy Sets Definitions and Membership Functions
The membership functions of the different factors are built based on the information gathered from the literature, such as the characteristics of each factor, and the effects of these characteristics on the risk of failure. The qualitative factors are evaluated on a 0-10 scale and assigned a standard five membership functions.
Many other sensitivity test scenarios are conducted (not shown in this paper) which examines the sensitivity toward other risk of failure factors under different conditions and assumptions and examines other variables that effects the model performance such as the weight of the different factors. 
MODEL APPLICATION
In order to use the developed model to assess the risk of failure of watermains network, the different information and characteristics of the network pipelines can be collected and used as input data to the model. This information can be in quantitative forms (water table level, pipe diameter, material, age, protection method, breakage rate, Hydraulic factor (Hazen-William factor), Damage to surroundings, loss of production (diameter and pipeline redundancy) and type of serviced area) or qualitative on a scale (0 to 10) for other factors (soil type, daily traffic, water quality, leakage rate, cost of repair, and traffic disruption). The output of the model is a number that represents the risk of failure of each pipeline on a scale (0-10) as shown before.
CONCLUSIONS
The current research solves the challenge faced by municipalities and other authorities on prioritizing the rehabilitation works of their distribution water main. It offers a model to evaluate the risk of water main failure. The model considers many risk factors which can be divided broadly into deterioration factors that lead to the failure event and consequences factors that are resulted from the failure event (failure impact). Sixteen risk of failure factors are incorporated in the model (11 deterioration factors and 5 consequence factors). To build this model, hierarchal fuzzy expert system is used which considers the uncertainty in the water main attributes. From the developed model, it can be deduced that pipe age has the highest effect on risk of water main failure among the other factors then come pipe material and breakage rate. Municipal water main managers, consultants, and contractors can use the developed application to assess the risk of water main failure and to plan their rehabilitation works accordingly. One of the future works of this research is to incorporate the GIS in the model. This will lead to a more efficient use of recourses allocated for the rehabilitation of the water mains network.
